Although nanoparticle multivalency is known to influence their biological labelling performance, the functional role of multivalency is largely unexplored. Here we show that folate receptor mediated cellular internalization mechanism of 35-50 nm nanoparticle shifts from caveolae-to clathrin-mediated endocytosis as the nanoparticle multivalency increases from 10 to 40 and results in the difference of their subcellular trafficking. We have synthesized folate functionalized multivalent quantum dot (QD) with varied average numbers of folate per QD between 10 to 110 [e.g. QD(folate) 10 , QD(folate) 20 , QD(folate) 40 , QD(folate) 110 ] and investigated their uptake and localization into folate receptor over-expressed HeLa and KB cells. We found that uptake of QD(folate) 10 occurs predominantly via caveolae-mediated endocytosis and entirely trafficked to the perinuclear region. In contrast, uptake of QD(folate) 20 occurs via both caveolae-and chathrin-mediated endocytosis; uptake of QD(folate) 40 and QD(folate) 110 occurs predominantly via clathrinmediated endocytosis and these three QDs localize predominantly at lysosome with restricted trafficking to perinuclear region. This work shows the functional role of multivalent interaction in cellular endocytosis and intracellular trafficking which can be exploited for subcellular targeting application.
INTRODUCTION
A variety of nanoparticle-based bioprobes are under development as alternative of molecular probes. [1] [2] [3] [4] [5] [6] [7] [8] These nanoprobes are bright, stable and expected to provide better information of biological environment. 9-11 Common structure of nanoprobes have nanoparticle core, molecular/polymeric shell and covalently linked affinity biomolecule at their surface. 8 The typical number of biomolecule per nanoparticle varies between < 100 to few hundreds. [1] [2] [3] [4] [5] [6] [7] [8] [12] [13] [14] [15] [16] As a nanoprobe interacts with biological interface via affinity biomolecule, the nature of the interaction becomes multivalent and nanoprobe multivalency influences the labeling performance. [12] [13] [14] [15] [16] [17] [18] [19] [20] This multivalent property of nano and larger sized probes (10-100 times as compared to molecular probes) offers different ways of cellular uptake mechanism which are highly sensitive to nanoparticle size, shape and surface chemistry. 7 Literature study shows that most of the reported nanoprobes enter into cells via clathrin-mediated endocytosis and traffics to lysosome and raises substantial challenges in the development of subcellular nanoprobe. 7 In addition, currently available synthetic approaches are very limited in controlling the number of attached biomolecules per nanoparticle. Thus, the functional role of nanoprobe multivalency toward biological labeling performance and the possibility of subcellular targeting via controlling this multivalency is largely unexplored.
Multivalent and co-operative binding is common in biology that dictates the interaction involving biomolecules and biochemical processes. 21, 22 A similar type of multivalent interaction has been observed in cell-nanoparticle interaction and exploited for efficient biolabeling and bioimaging application. [12] [13] [14] [15] [16] [17] [18] [19] [20] For example, cellular interaction and uptake of nanoparticle is shown to depend on the number of RGD peptide per nanoparticle with the maximum for 20 RGD, 13 number of HER2 per nanoparticle with the maximum for 11-23 HER2, 19 number of TAT peptide per nanoparticle, 12 number of oligonucleotide per nanoparticle 14 and number of folate per nanoparticle. 18, 20 In addition, it is also observed that 4 monovalency of nanoprobes reduces their clustering on cell surface during the internalization processes.
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Most of the reported nanobioconjugate has an uncontrolled number of biomolecules and it is often not clear if the observed difference in cellular interaction with nanoprobes is due to the nanoparticle itself or to the chemical functional group on the surface, or due to attached biomolecule(s). 7, 8 In addition the uptake mechanism of nanobioconjugate often differs from respective molecular probes and it is not clear if the nanoparticle or biomolecule is responsible for this difference in uptake mechanism. For example, folate receptor-mediated uptake of molecular probe occurs via caveolae-mediated endocytosis [23] [24] [25] [26] but nanoprobe uptake occurs via clathrin-or both clathrin-and caveolae-mediated endocytosis. [27] [28] [29] [30] [31] [32] A similar type of change in uptake mechanism is also observed after nanoparticle is functionalized with peptide, 33, 34 vitamin 35 and antibody. 36, 37 Here we show that nanobioconjugate can switch the endocytosis uptake mechanism from one to another via changing their multivalency. We have shown that folate receptor-mediated cellular uptake mechanism of folate functionalized nanoparticle depends on the nanoparticle multivalency, i.e., the number of folate attached on nanoparticle surface. For the multivalency of < 10, the nanoprobe enters into cell via the caveolae-mediated endocytosis and is transported into perinuclear region -as commonly observed for molecular probes. As the multivalency becomes > 10, additional clathrinmediated endocytosis is initiated and for multivalency > 40, clathrin-mediated endocytosis
dominates. This shifting of endocytosis mechanism from caveolae-to clathrin-maximizes the with 10% heat activated fetal bovine serum (FBS) and 1% penicillin streptomycin at 37 °C and 5 % CO 2 atmosphere. Cells were cultured overnight in a 24-well plate with 500 µL medium and then 30 µL QD sample was added followed by 1-3 hrs incubation. Next, cells were washed with PBS buffer solution and washed cells were used for imaging study or further incubated with fresh medium for 1-24 hrs followed by imaging study. Control cell labeling experiments were performed by adding free folic acid (100 µg/mL) in culture medium and by incubating cells at 4 °C .
Co-Localization Study. Cells were cultured in a 24 well plates for 24 hours in folate free RPMI medium. Cells were incubated with QD samples for 3 hrs for their uptake by cells.
Next, cells were washed with PBS buffer and fresh medium was added and kept for the next Page 6 of 34
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and details of their properties are summarized in (Supporting Information, Figure S4 ) These results confirm selective labelling and uptake of folate functionalized QD by cells having over expressed folate receptors. It is know that proteins from culture media may adsorb on the nanoparticle surfaces and thus cells may not see the folate functionalization. 38 In order to understand this issue we have measured the hydrodynamic size and surface charges of the folate functionalized nanoparticles in serum containing and serum free cell culture media. We found that there is no significant change in their hydrodynamic size and surface charges. (Supporting Information, Table S1 and Figure   S1 ) In addition we have also studied uptake of QD(folate) 10 and QD(folate) 110 in serum free cell culture media. We have not seen any significant difference on their cell uptake.
(Supporting Information, Figure S5 ) These results conclude that proteins have poor binding with QD surface and QD interacts with cell using folic acid. This result is expected as our nanoparticles are coated with polyethylene glycol (PEG) that is known to reduce the nonspecific interactions.
Energy dependent internalization of these QDs has been confirmed by incubating the HeLa cells with folate functionalized nanoparticles at 4 °C . Reduced cellular uptake confirms energy dependent endocytosis mechanism (Supporting Information, Figure S6 ) Mechanism of cellular uptake has been investigated using various inhibitors that are known to hinder different endocytosis mechanism. We have used chlorpromazine (CHP) that blocks clathrin- (see Supporting Information, Table S2 for and GEN are observed to influence the QD labeling depending on multivalency. In particular GEN completely inhibits QD(folate) 10 uptake and significantly inhibits QD(folate) 20 uptake.
In contrast CHP significantly inhibit uptake of QD(folate) 20 , QD(folate) 40 and QD(folate) 110 .
However, uptake inhibition of QD(folate) 10 by CHP is very insignificant.
Inhibitor induced differential QD uptake has been quantified by three different approaches such as cadmium estimation via inductively coupled plasma atomic emission spectroscopy (ICP-AES), QD fluorescence measurement using fluorescence plate reader and QD fluorescence measurement using flow cytometry. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 endocytosis but uptake of QD(folate) 40 and QD(folate) 110 occurs predominantly via clathrinmediated endocytosis and uptake of QD(folate) 20 occurs via both clathrin-and caveolaemediated endocytosis.
Similar type multivalency dependent QD uptake is also observed in KB cells. (Figure   4 , Supporting Information, Figure S8 ) In this case we have used three additional inhibitors such as nystatin 25 which inhibits the caveolae mediated endocytosis, sucrose 27 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mediated endocytosis are operative for QD(folate) 110 but clathrin-mediated endocytosis dominates in normal condition and once CHP is added to block the clathrin-mediated endocytosis, the caveolae-mediated endocytosis becomes operative.
We 
39-42
Control subcellular localization experiment has also been studied in presence of endocytosis inhibitors that significantly inhibits the QD uptake. In particular it has been observed that the lysosomal trafficking of higher multivalent QD can be redirected to perinuclear trafficking if clathrin-mediated endocytosis is blocked by CHP. A representative 23, 25 or liposome (with 365 folate per particle) enter into folate over-expressed KB cell via caveolae mediated endocytosis. 24 In contrast, folate functionalized silica particle and carbon nanotube (with uncontrolled number of folate per particle) enter into KB and HeLa cell via clathrin mediated endocytosis. 27, 28 Folate functionalized polymer micelle enter into HeLa/KB/MCF-7 cell via both clathrin and caveolae mediated endocytosis. [30] [31] [32] There is also reports on change in uptake mechanism depending on particle size 30 Here we show the effect of folate multivalency on folate receptor mediated endocytosis mechanism and subcellular trafficking. In particular the proposed mechanism can explain the clathrin-mediated endocytosis often observed by folate functionalized nanoparticle. Proposed mechanism shows that higher multivalency and faster kinetics of clathrin-mediated endocytosis can induce preferential clathrin-mediate endocytosis. As commonly used nanoparticles have high multivalency, they often mask the caveolaemediated endocytosis of folate functionalized nanoparticle.
CONCLUSION
We have shown that cell uptake mechanism of nanoparticle can be controlled by changing their multivalency, typically between 10-40. We have synthesized folate functionalized QD nanoprobe with varied multivalency and found that folate receptor mediated cellular internalization mechanism of QD shifts from caveolae-to clathrin-mediated 
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